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Abstract 
This work presents a design approach to obtain a cage to enhance the fusion between adjacent vertebrae of the cervical spine. This
approach makes use of a multiscale model for topology optimization of structures to define the cage microstructure. The cage is
designed in order to respond to the structural requisites for load bearing as well as to the requirements of osteoconductivity to
promote the bone formation within the fusion domain. The design domain is the intervertebral space that will be filled with the
bone substitute (scaffold) which is considered a periodic porous structure characterized by a representative unit-cell. The topology 
of the unit-cell is defined in order to obtain the optimal equivalent properties for stiffness and permeability, which are computed 
using an asymptotic homogenization method. So, the optimization goal is to obtain the stiffest cage structure for the local 
strain/stress field through the solution of a global finite element model of a human cervical spine. A constraint on the cage 
microstructure permeability is assumed to obtain interconnected porosity necessary to bone cell migration and nutrient supply. The 
final cage design presents interconnectivity in all spatial directions and the elastic properties meet the stiffness requirements. This 
design approach has revealed to be very useful to design site-specific scaffolds for bone regeneration, in particular for interbody 
fusion, since each cage is defined for a specific mechanical environment obtained by the mechanical analysis of the whole organ.
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of IDMEC-IST. 
Keywords: Spine Fusion; Bone scaffolds; Spinal Cage; Multiscale; Optimization  
* Corresponding author. Tel.: +351-218417925; fax: +315-218417915.
E-mail address: prfernan@dem.ist.utl.pt 
 015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of IDMEC-IST
184   Pedro G. Coelho et al. /  Procedia Engineering  110 ( 2015 )  183 – 190 
1. Introduction 
Bone tissue engineering for spine arthrodesis has a great potential to be used in clinical practice in alternative to 
conventional bone grafts such as the autographs and cadaveric allographs. Although spinal fusion is commonly 
attempted, non-union is reported to occur which makes spinal fusion a preferential application for testing artificial 
bone substitutes. Moreover, the development of new devices for arthrodesis is a way to overcome the complications 
of conventional therapies involving grafting [1].  
Tissue engineering for spine fusion relies on the development of a scaffold (working as a spinal cage) that must 
achieve multiple design criteria due to conflicting mechanical and biological functions [2]. In fact the cage must be 
designed to respond to structural requisites for load bearing as well as to the requirements of osteoconductivity in 
order to promote the bone formation within the fusion domain. Thus, it requires a design methodology that allow us 
to control the scaffold microstructure and respective properties. Topology Optimization applied to scaffold design has 
been showing to be able to respond to this challenge [3-5] supported by the development of additive manufacturing 
techniques that allow to manufacture complex three-dimensional shapes [6-8]. Additionally, for a better simulation of 
the boundary conditions on bone scaffolds, multiscale approaches have been pointed as a possible strategy [9, 10].  
In the present work, the objective is to develop a cage for the cervical spine fusion using the bone remodeling 
model based on multi-scale topology optimization recently developed by Coelho et al. [11-13]. The scaffold here is 
assumed as a periodic cellular porous structure characterized by a representative unit-cell. The topology of the unit-
cell is defined in order to obtain the optimal equivalent properties for stiffness and permeability, which are computed 
using an asymptotic homogenization method [14]. So, the optimization goal is to obtain the stiffest structure for the 
local strain field with a constraint on the microstructure permeability to obtain interconnected porosity. The local 
strain field is obtained through the solution of a global finite element model of a human cervical spine [15].  
In order to get a better approximation of the actual boundary conditions on the scaffold site, an accurate finite 
element model of the healthy human cervical spine from C2 to T1 was developed, including the bone structures, discs 
and ligaments. After validation of this model, the multiscale model was applied considering the removal of the disc 
between C5-C6 and defining a cage design domain at this intervertebral disc space. The cage was optimized for 
multiload conditions corresponding to the basic motions of the cervical spine: flexion, extension, lateral bending and 
axial rotation. The obtained cage presents interconnectivity in all spatial directions and elastic properties that fulfill 
the requirements.  
2. Methods 
2.1. Cervical Spine Model 
In this work, a detailed geometrical and finite element model from C2 to T1 vertebrae was developed from CT 
medical images from a 34 year-old male subject without any local degeneration. These medical images were used as 
an input to a geometric modelling pipeline developed to create our model. Several image and geometric processing 
tools make part of the pipeline: for image segmentation, the freeware software ITK-SNAP [16] was used; Solidworks 
[17] was the software used for surface mesh adjustment and solid model generation; the finite element modelling and 
analysis was performed in ABAQUS standard [18]. The modelling pipeline used for the development of the 
geometrical and finite element model of the cervical spine is described in Fernandes et al. [19] and similarly applied 
by Espinha et al. [20]. Bone structures were distinguished in cortical and trabecular regions and for intervertebral discs 
the annulus fibrous and nucleus pulpous regions were identified. These last were defined based on quantitative data 
of the disc and nucleus’ cross sectional areas presented by Yoganandan et al. [21]. Both structures were defined with 
material properties from the literature assuming a linear elastic behaviour (see Table 1) [22]. Tetrahedral elements 
were used for all of these structures. 
Five major cervical spine ligaments were inserted in the model: anterior longitudinal ligament (ALL), posterior 
longitudinal ligament (PLL), flavum ligament (FL), interspinous ligament (ISL) and capsular ligament (CL). The 
ligaments are discretized using 3D truss elements with the insertion regions defined based on the adaptation of the 
anatomical insertion points to the mathematical biomechanical models [21-23]. Therefore, anterior and posterior 
longitudinal ligaments (ALL and PLL) were defined from the midheight of the inferior vertebral body to the midheight 
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of the superior vertebral body. The interspinous ligaments (ISL) were defined from the superior points of attachment 
- the inferior surface of the superior spinous process, to the inferior points of attachment - the superior surface of the 
inferior spinous process. The flavum ligaments (FL) were also defined with two truss elements from the superior to 
the inferior points of attachment, which correspond to anterior and superior surface of the laminae from the superior 
and inferior vertebrae. The capsular ligaments (CL) correspond to four truss elements placed around the facets surfaces 
defined for the zygapophysial joints. All ligaments were attached to the correspondent surface areas of the vertebrae 
through a coupling interaction (see Figure 1). The material properties for the ligaments where decided based on a 
numerical test of different properties both linear [24-27] and non-linear [28-30] presented in the literature. 
Table 1 - Material properties of vertebrae and intervertebral discs. 
Structure E(MPa) ν 
Bone [22, 42] Cortical 10000 0.29 
 Trabecular 100 0.29 
Intervertebral disc [23, 24] Annulus Fibrosus 3.4 0.4 
 Nucleus Pulposus 1 0.49 
 
 
(a) 
 
(b) 
Figure 1 – Healthy cervical spine model: (a) Geometry (b) Finite element model. 
A pure moment of 1 Nm was applied in the superior articular facets of the axis vertebra in order to simulate the 
basic motions of the spine: flexion, extension, lateral bending and axial rotation. These loading conditions were based 
on the in vitro study of Panjabi et al. [31] and their values can be set as the limit of physiological loading that will not 
result in any injury of head-neck complex [24, 31]. 
The finite element model was fully constrained at the inferior surface of the first thoracic vertebra which was 
partially modelled for this purpose. The intervertebral discs were assumed bonded to the vertebral bodies of the 
correspondent adjacent vertebrae. The interaction between the facets in the zygapophysial joints were treated as a 
three-dimensional surface based contact problem without friction and a small sliding formulation. 
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2.2. Multiscale optimization model 
The multiscale approach used in this work focus on the optimization of the osteoconductivity and initial structural 
integrity of the spinal cage. Thus, a design optimization problem is formulated in order to maximize the scaffold 
stiffness (minimize compliance) subjected to permeability constraints. In fact, constraints of isotropic or orthotropic 
permeability [11] lead to an interconnected pore network which is critical for cell proliferation within the scaffold. As 
shown in Fig. 2, a unit-cell characterizes the scaffold material microstructure assumed as a porous cellular periodic 
media. The unit-cell topology is designed and it remains constant within the scaffold domain for the sake of 
manufacturability. The solid phase (base material) of the scaffold is a biomaterial considered to be linear and isotropic. 
Figure 2. Multiscale model for the topology optimization of the spinal cage  
The two-scale topology optimization problem which maximizes stiffness considering P external load cases (with 
weight factors αr), a global resource constraint V  on the structure design domain and permeability local constraints 
can be formulated as follows (see e.g. [11]):  
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(1) 
The inner minimization problem corresponds to the solution of the global elasticity equilibrium problem of the 
elastic body (spine) subjected to external loads, tractions t applied to the body surface Γ and body loads b. Among all 
the modelled spine elements, only the scaffold is considered to be the design domain to which density based design 
variables are assigned. Therefore, the two-scale material distribution problem in (1) is governed by the densities ρ and 
μ at macro and micro-scales, respectively. Both variables vary between 0 and 1, meaning void and solid, respectively. 
Intermediate ρ density values identify a material with microstructure with ρ prescribed volume fraction. The outer 
problem on ρ finds the optimal structure (scaffold) lay-out while μ finds the optimal material microstructure design 
(unit-cell) from which the structure is to be built.  
Regarding the elasticity tensor in (1), the upper script "H" stands for homogenized tensor because homogeneous 
equivalent material elastic properties represent the influence of the scaffold porous media on scaffold stiffness through 
the formula (under the asymptotic homogenization hypotheses [14]): 
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where the Y refers to the unit-cell design domain, 1Y = , which is actually representative of the periodic porous 
cellular material.  
On the one hand, the homogenized tensor depends on the base cell deformation modes or micro-displacements klȤ
(Y-periodic), which are solution of the set of equilibrium equations (3) defined in Y (six equations in three 
dimensions). 
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On the other hand, the homogenized tensor depends on the microstructure base material elastic properties, pqrsE ,
which in turn is μ dependent and interpolated between void and solid using the Solid Isotropic Material with 
Penalization (SIMP) method as seen in equation (4) [32]. The solid phase represents the scaffold base material 
(biomaterial) modeled as a solid linear isotropic material with properties 0ijklE .
( ) N0 ∈= p,EȝȝE ijklpijkl   (4) 
The material distribution problem solved in the local domain Y governed by variable μ matches the global problem 
volume fraction ρ and must satisfy a set of constraints on the homogenized permeability tensor KH (5) that impose 
orthotropy (at least isotropy) as a mean to achieve an interconnected pore network. This permeability tensor is obtained 
homogenizing a potential flow problem in periodical porous media characterized by the Darcy law [11].  
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In (5) the scalar fields χm (with m = 1,…,3 in 3-D problems) are solution of the following set of equations, 
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Here one considers the interpolation between permeability and local density μ given by the following SIMP-like 
power-law:   
( ) ( ) ( ) N1 0 ∈−= p,ȝKȝȝK impim   (7) 
This interpolation scheme means that void (μ = 0) and solid (μ = 1) have high (100%) and low (0%) permeability, 
respectively. Here K0 is the permeability of the pore and it is considered to be a unitary, diagonal and isotropic tensor. 
Finally, as regards the algorithmic solution of (1), one updates global and local problem variables by the Method 
of Moving Asymptotes (MMA) and the CONvex LINearization methods (CONLIN), respectively [33]. The 
concurrent design of structure and material is implemented here such that a single iteration on the local problems 
(updating μ’s) is performed between every two consecutive iterations on the global problem (updating ρ’s). Basically, 
the main data flow exchanged between global and local problems is that the macro problem supplies the local one 
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with mechanical stress/strain data while the local problem feedbacks elastic/fluid properties and sensitivity data, for 
further details regarding the algorithmic and computational implementation see Coelho et al. [34]. 
3. Results  
3.1. Validation of the human cervical model 
Different combinations of properties, both geometric (cross sectional areas) and material properties based on 
different authors from the literature was tested in the finite element model. The range of motion of every segment 
from C2-C3 to C6-C7 was compared for all basic movements with in vitro results and other finite element studies [30, 
31]. In general the values obtained by the present model are in agreement with those presented in previous studies 
[15]. To define the set of values used for the multiscale model, a quantitative analysis was done to see which pair of 
properties combined with the present geometric model represents a better approach. For the multiscale model we have 
adopted the non-linear properties used in Kallemeyn et al. [30].  
3.2. Cage for the spinal fusion 
In order to understand better the advantage of the multiscale model, preliminary tests were performed considering 
the cage design domain separated from the entire spine finite element model, i.e., the force and displacement boundary 
conditions were directly applied to that local design domain. Figure 3 shows the obtained unit cell design for a top 
pressure load case (Fig. 3a), for a multiload case with a top pressure and lateral pressure (Fig. 3b) and the solution 
when the constraint on permeability is imposed (Fig. 3c). As it can be observed, the cage topology depends on the 
load boundary condition considered. Additionally, the constraint on permeability ensures pore interconnectivity.  
Figure 3. Topology optimization of the spinal cage. (a) for a top pressure load; (b) for a multiload case comprising top pressure and lateral 
pressure; (c) for the multiload case considering also the constraint on permeability.  
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Therefore, with the multiscale model and multiload case considered previously in Figure 2, the obtained scaffold 
highlighted in Figure 4, reflects the site-specific boundary conditions as a result of analysing the overall structural 
behavior of the organ (cervical spine). Notice that the analysis of the global spine model included all the basic 
movements: flexion, extension, lateral bending and axial rotation. The resulting cage design, shown in Figures 2 and 
4, presents interconnectivity in all spatial directions and required stiffness. 
Figure 4. Cage design obtained with the the spine multiscale model. The scaffold microsctrute shown was obtained for a multiload case with 50% 
volume fraction and 30% permeability. (a) Design domain. (b) Obtained unit cell. (c) Array of 4x4x4 unit cells. 
4. Discussion 
This paper presented a multiscale model for scaffold design applied to interbody fusion. The main advantage of 
this multiscale material model is that it allows not only applying more accurately boundary conditions to the scaffold 
design domain (macroscale) but also tailoring its material microstructure (microscale) to meet proper local mechanical 
and biological functions. The finite element model for the spine was obtained following a patient specific approach 
with the geometry obtained directly from a CT scan of a patient. Although the healthy spine finite element model was 
validated against experimental and numerical models, available in the literature, some limitations must be realized. 
The main limitation is to consider here all structures linear elastic. This modeling option was pursued here for the sake 
of simplicity, since the multiscale model itself applied to the human spine is already expensive from a computational 
cost point of view.  
Notwithstanding some efforts to improve the model, this design approach has revealed to be very useful to design 
site-specific scaffolds for bone regeneration, in particular for spinal fusion, since each cage is defined for a specific 
mechanical environment obtained by the mechanical analysis of the whole organ. 
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